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A B S T R A C T

Functional inhibitory peptides of human dipeptidyl peptidase 4 (hDPP4) have been highly anticipated as the
active ingredient of functional food for type II diabetes; however, the molecular mechanism of hDPP4 inhibition
remains unclear. In this study, we focused on dipeptides and tripeptides, which display structure-function cor-
relations that are relatively easy to analyze, and examined their interactions with hDPP4 on an atomic level using
a combination of docking studies and an hDPP4 inhibition assay. First, we performed comprehensive binding
mode analysis of the dipeptide library and demonstrated that the formation of a tight interaction with the S1
subsite composing part of the substrate pocket is essential for dipeptides to compete with the substrate and
strongly inhibit hDPP4. Next, we synthesized tripeptides by adding various amino acids to the C-terminus of Ile-
Pro and Val-Pro, which have especially high inhibitory activity among compounds in the dipeptide library, and
measured the hDPP4 inhibitory activity of the tripeptides. When hydrophobic amino acids (Ile, Met, Val, Trp)
were added, the inhibitory activity increased several-fold. This phenomenon could be explained as follows: the C-
terminal amino acid of the tripeptide formed hydrophobic interactions with Tyr547 and Trp629, which compose
the S10 subsite located relatively outside the substrate pocket, thereby stabilizing the hDPP4-peptide binding. The
structural information on the interaction between hDPP4 and peptide inhibitors attained in this study is antici-
pated to be useful in the development of a more potent hDPP4 competitive inhibitor.
1. Introduction

Human dipeptidyl peptidase 4/CD26 (hDPP4) is a serine protease
with high specificity and is widely expressed in various tissues such as
lung, brain, pancreas, and kidney and by many different cell types. It
recognizes peptides with proline or alanine as the second amino acid
from the N-terminus [1]. The most significant substrates of hDPP4 are
incretins such as glucagon-like peptide-1 and glucose-dependent insuli-
notropic polypeptide [1]. These incretins increase postprandial insulin
secretion (insulin secretion activity); thus, functional inhibition of DPP4
is expected to improve blood glucose control in type II diabetic patients.
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DPP4 inhibitors such as sitagliptin, vildagliptin, saxagliptin, and alog-
liptin have been developed previously and have been used clinically since
2007 [2]. From the perspective of functional food, Atlantic salmon skin
gelatin-derived DPP4-inhibiting peptide has been reported to improve
blood glucose levels [3]. These findings indicate the potential of
DPP4-inhibiting substances as active ingredients in medications and
functional food. In order to develop a more potent DPP4-inhibiting
component, it is useful to thoroughly understand the mechanism of
inhibition.

With X-ray crystallography analysis, the interactions between DPP4
and small molecule inhibitors have been well studied at the atomic level.
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DPP4 encompasses a relatively large substrate binding pocket composed
of four subsites (S1, S10, S2, S2 extensive), and most existing inhibitors
stably bind to DPP4 by fitting into multiple subsites [4]. In particular, the
S1 and S2 pockets are at the core of the binding, and central scaffolds of
all Class 1, 2, and 3 inhibitors bind to these pockets [4]. Moreover,
additional interaction at the S2 extensive subsite contributes to improved
affinity. For example, when hydrophobic interactions in this region were
strengthened in teneligliptin-related compounds, the inhibitory activity
increased approximately 1000-fold [5, 6].

In contrast to DPP4-small molecule inhibitor interaction, the hDPP4-
peptide co-crystal structure has only been described in three reports [7, 8,
9]. Although all of these structures display salt bridges between the
N-terminal amino group of the peptide and Glu205/Glu206, the binding
pattern to DPP4 differs for each peptide. For example, when Pro is the
second amino acid from the N-terminus, the Pro side chain binds to the
S1 pocket [7, 8]; when Pro is the third amino acid from the N-terminus,
the amino acid side chain of the N-terminus binds to the S1 pocket [9].
Thus, the binding pattern to DPP4 differs depending on the amino acid
sequence of the peptide. Furthermore, the structural binding mechanism
with regards to the interaction at the peptide C-terminus is still not well
understood.

Multiple DPP4-inhibiting peptides have been found in various food
protein hydrolysates by FitzGerald et al., Li-Chan et al., and other
research groups [10, 11, 12, 13, 14]. The current consensus is that
substrate-like peptides with Pro or Ala as the second amino acid from the
N-terminus have high inhibitory effects. Our research group previously
conducted a comprehensive analysis of a dipeptide library to elucidate a
full picture of DPP4 inhibition [15]. We endeavored to identify the amino
acid residue associated with the inhibitory activity based on the attained
results. Although we observed a high inhibitory effect of dipeptides
containing Trp at the N-terminus, we could not obtain an overall
definitive rule. The mix of competitive inhibition and
uncompetitive/non-competitive inhibition as the inhibitory mechanism
of dipeptides signifies the presence of multiple dipeptide binding sites on
DPP4. For this reason, we most likely could not find a definitive rule with
direct interpretation of the comprehensive analysis results [16, 17].

To fully understand the DPP4-inhibiting mechanism of peptides, it is
necessary to conduct a comprehensive analysis from a new perspective.
In this study, we therefore focused on dipeptides and tripeptides in which
the structure-function correlation can be relatively easily analyzed, and
we investigated their interactions with DPP4 using in silico docking
studies, which have contributed to the identification of new DPP4 in-
hibitors in the past [18, 19]. First, with the hypothesis that all dipeptides
exhibit competitive inhibition, we constructed a calculation protocol that
can reproduce the inhibitory activity of the dipeptide. A certain level of
calculation precision could be achieved with this approach presumably
because most of the potent DPP4-inhibiting peptides display competitive
inhibition. From the DPP4-dipeptide docking poses obtained through the
calculation protocol, we extracted characteristic interactions of di-
peptides possessing a high inhibitory activity. Next, we analyzed tri-
peptides with various amino acids added to the C-terminus of dipeptides
with high inhibitory activity (Ile-Pro and Val-Pro) with docking studies
using the same protocol and hDPP4 inhibition assay. By integrating the
results from these studies, we identified additional interactions at the S10

subsite that contribute to the elevation in inhibitory activity. Dipeptides
and tripeptides are abundant in food and are close in size as small
molecule drugs. Thus, findings obtained in this study may be useful in
designing molecules that are competitive inhibitors of DPP4.

2. Materials & methods

2.1. Molecular docking of DPP4 and dipeptides/tripeptides

DPP4-peptide docking studies were conducted with ensemble dock-
ing using the three-dimensional structures of DPP4 extracted from four
DPP4-peptide co-crystal structures (PDBID: 2BGR, 1NU8, 2BGN, 1R9N)
2

[20]. A series of water of crystallization was removed because its pre-
servability at the inhibitor binding site was not observed among these
co-crystal structures. Moreover, proteins, dipeptides, and tripeptides
were protonated using the Protonate 3D module of Molecular Operating
Environment [21] such that it was in a dominant ionization state at pH
7.0. GOLD 5.5 [22] was used as the docking program. The standard
default settings for the genetic algorithm were used, and all protein
atoms were fixed during molecular docking. The docking search area was
the spherical area with a 10-Å radius with the center at the midpoint of
E205Cδ and Y547OH. Molecular docking was performed 25 times for
each compound, and binding poses with the top five scores were saved.
Next, the binding stabilities of the five docking poses were calculated
with Molecular Mechanics Generalized Born Surface Area (MM-GBSA)
[23] to determine the docking pose with the highest binding stability. In
the MM-GBSA calculation, 100-steps energy minimization in implicit
solvent with the conjugate gradient algorithm was carried out for each
complex structure model using the minab module of AMBER Tools [24],
and then the DPP4-peptide binding energy was calculated using the
MMPBSA.py module [25]. During MM-GBSA calculation process, the salt
concentration was set at 150 mM.

The DPP4-peptide interaction fingerprint was calculated as follows.
First, for each peptide, the docking pose on each of the four protein
structures was extracted. Next, the 16 amino acids positioned 5 Å from
the bound ligand of the DPP4-peptide co-crystal structure (PDBID: 1NU8)
(Ile-Pro-Ile) were defined as pocket-composing residues; for each amino
acid, the number of atoms in contact with the docked peptide within 5 Å
was counted, and the mean between the four docking poses was calcu-
lated. The atomic contact was calculated for heavy and hydrogen atoms
in DPP4 and the docked peptide.

2.2. DPP4 inhibition assay

A commercial DPP4 inhibitor screening assay kit (Item No. 700210,
Cayman Chemical Company, Michigan, USA) was used to measure the
ability of the designed tripeptides to inhibit DPP4 activity. Human re-
combinant DPP4 was incubated with 100 μM Gly-Pro-
aminomethylcoumarin (AMC) at 37 �C for 30 min in the presence of
each tripeptide in a buffer containing 20 mM Tris-HCl (pH 8.0), 100 mM
NaCl, and 1 mM EDTA. Fluorescence was recorded using a microplate
reader (Spectra Max i3, Molecular Devices, California, USA) at excitation
and emission wavelengths of 350 nm and 450 nm, respectively. For tri-
peptides that exhibit high inhibition ratios of more than 50% in the
presence of the test tripeptide (10 μg/ml), the IC50 was determined from
measurements at three different concentrations of the tripeptide. In cases
of IPN (the inhibition ratio of 31.9%), IPW (32.6%), IPY (32.6%), VPD
(24.2%), VPL (31.0%), VPS (45.4%), and VPV (11.1%), the IC50 was hard
to be determined because of their weak inhibitory activities.

3. Results & discussion

3.1. Docking study of DPP4-dipeptide

We previously reported the inhibitory activity of a dipeptide library in
DPP4 protease activity as an inhibition ratio (%) relative to Glycyl-
proline-4-methyl-coumaryl-7-amide (Gly-Pro-MCA) [15]. We therefore
conducted docking studies to analyze the DPP4-dipeptide binding mode
with the hypothesis that all dipeptides exhibit competitive inhibition,
and searched for an intermolecular interaction that is important in
inhibitory activity. First, we verified whether or not the molecular
docking can accurately reproduce the inhibitory data of the dipeptide.
From the dipeptide library, we extracted 17 compounds exhibiting a
relatively high activity (inhibition ratio >50%) and 99 compounds with
no activity (inhibition ratio <5%), and determined the discriminatory
ability of highly active and inactive peptides based on the docking score
(MM-GBSA score [23]) that reflects the dipeptide binding stability. Sin-
gle docking using a DPP4 co-crystal structure (PDBID: 1NU8 [7]) resulted
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in a discriminatory ability (the area under the receiver operating char-
acteristic curve, AUC) of 0.74 (Figure 1A); however, ensemble docking
using four DPP4 co-crystal structures [20] resulted in an AUC of 0.84,
indicating a higher discriminatory ability compared to single docking
(Figure 1B). MM-GBSA scores were weakly correlated with inhibitory
activities for 237 dipeptides exhibiting DPP4 inhibition (inhibition ratio
>5%) (e.g. dipeptides with stronger DPP4 inhibitory activity tend to have
a higher binding stability, Figure 1C). These results suggested that the
DPP4 inhibitory activities of dipeptides/tripeptides may be ranked by
ensemble docking. Although dipeptides with different inhibitory mech-
anisms are included in the dipeptide library, in reality [16, 17], this
calculation result might indicate that most dipeptides exhibit competitive
inhibition.

Next, we compared the DPP4-peptide interaction pattern between
highly active and inactive dipeptides by calculating a fingerprint of the
contact between a bound dipeptide and each pocket-composing residue
based on the docking pose [26]. Although marked differences were not
observed at most residues, we found that the highly active dipeptides
tend to interact tightly with S630, Y631, V656, and W659 (Figure 2).
Here, S630 is the active center, and Y631, V656, and W659 form the S1
pocket located in the deepest area of the substrate binding site [4]
(Figure 3A). Superimposing the distribution of docking poses also
showed that highly active dipeptides tend to interact closely with these
four residues and bind slightly more deeply in the S1 pocket (Figure 3B).
3

These results suggest that attaining a tight interaction with the S1 pocket
is essential for dipeptides to compete with the substrate and strongly
inhibit the protease activity.

3.2. Additional interaction at the S10 subsite that contributes to increased
DPP4 inhibitory activity

The N-terminus of competitive DPP4-inhibiting peptides often con-
tains hydrophobic/aromatic amino acids such as Ile, Leu, Val, Phe, Trp,
or Tyr [14]; dipeptides Ile-Pro and Val-Pro especially exhibit high
inhibitory activity [15]. We therefore added various kinds of amino acids
to the C-terminus of these two dipeptides to create tripeptides (Ile--
Pro-XXX, Val-Pro-XXX) and measured their DPP4 inhibitory activity to
evaluate the contribution of amino acids on the C-terminal side of tri-
peptides (Figure 4). For both peptides, when a polar amino acid such as
Thr or Arg was added to the C-terminus, the inhibitory activity either
remained the same or tended to decrease slightly. In contrast, addition of
hydrophobic amino acid (Ile, Met, Val, Trp) resulted in several-fold in-
creases in the inhibitory activity.

To identify the factors that determine the difference in inhibitory
activities among these tripeptides, we analyzed the DPP4-tripeptide co-
crystal structure and the complex structure models predicted by molec-
ular docking. The characteristics of the co-crystal structure of DPP4 and
Ile-Pro-Ile (PDBID: 1NU8) are that the Pro side chain in the tripeptide fits
Figure 2. DPP4-dipeptide interaction
fingerprint. (A) DPP4-dipeptide interaction
fingerprint of 17 highly active dipeptides
(inhibition ratio >50%) and 99 inactive di-
peptides (inhibition ratio <5%) is shown.
Pocket-composing residues are located 5 Å
from the bound ligand, Ile-Pro-Ile, in the co-
crystal structure (PDBID: 1NU8). The num-
ber of atoms in contact with the dipeptide
was counted for each residue. Residues with
a relatively high (low) count are shown in
red (green). (B) Interaction patterns of DPP4-
dipeptide for active and inactive dipeptides
are shown. The number of DPP4 atoms in
contact with each dipeptide was averaged
across the docking poses observed for 17
active compounds and 99 inactive com-
pounds. S630 (p ¼ 8�10�3), Y631 (p ¼
3�10�5), V656 (p ¼ 2�10�3), and W659 (p
¼ 2�10�4) were identified as residues that
exhibit a significant difference between the
active and inactive dipeptides (p < 0.01).

Figure 1. Prediction precisions of (A) single
docking using a DPP4 co-crystal structure
(PDBID: 1NU8) and (B, C) ensemble docking
using four types of co-crystal structures
(PDBID: 1NU8, 1R9N, 2BGN, and 2BGR); (A,
B) Receiver operating characteristic (ROC)
curves for (A) single docking and (B)
ensemble docking, which are calculated from
the MM-GBSA scores of 17 active dipeptides
(inhibition ratio >50%) and 99 inactive di-
peptides (inhibition ratio <5%), using the R
package ROCR [28]. (C) MM-GBSA scores
are plotted against inhibitory activity for 237
dipeptides that exhibit DPP inhibition (inhi-
bition ratio >5%), where a lower MM-GBSA
score indicates a higher binding stability.



Figure 3. Docking pose distribution of highly
active and inactive dipeptides. (A) DPP4 sub-
strate pocket for PDBID: 1NU8 is shown. S630,
the active center, and Y631, V656, and W659,
which compose the S1 pocket, are highlighted.
(B) Docking pose distribution of 17 active com-
pounds (inhibition ratio >50%, left) and 99
inactive compounds (inhibition ratio <5%, right)
is shown. S630, Y631, V656, and W659 in the co-
crystal structure (PDBID: 1NU8) are visualized
with sphere models. When the shortest atomic
distance between V656 (gamma carbon, Cγ2) and
the docked dipeptide is averaged across the
docking poses [68 (¼17�4) for active dipeptides
and 396 (¼99�4) for inactive dipeptides], the
mean shortest distances for active and inactive
dipeptides are 3.8 � 1.5 and 4.9 � 1.8 (Å),
respectively (p ¼ 6�10�7).

Figure 4. Inhibitory activity of tripeptides
against DPP4. The 50% inhibitory concen-
trations (IC50) of (A) Ile-Pro-XXX and (B) Val-
Pro-XXX against DPP4 are shown. In cases of
IPN, IPW, IPY, VPD, VPL, VPS, and VPV, the
IC50 was hard to be determined because of
their weak inhibitory activities (See Mate-
rials & Methods). (C) MM-GBSA scores are
plotted against IC50 for these tripeptides,
where a lower MM-GBSA score indicates a
higher binding stability, showing that tri-
peptides with higher binding stability tend to
exhibit a stronger DPP4 inhibitory activity.

Figure 5. Docking poses of tripeptides with ameliorated inhibitory activity. Docking poses (green) of (A) Ile-Pro-Ile, (B) Val-Pro-Ile, (C) Val-Pro-Trp, (D) Val-Pro-Met,
(E) Ile-Pro-Met, and (F) Ile-Pro-Val in the protein structure (electrostatic surface model) of the DPP4-Ile-Pro-Ile co-crystal structure (PDBID: 1NU8) are shown. Ile-Pro-
Ile binding pose from the co-crystal structure is superimposed (cyan).
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Figure 6. DPP4-tripeptide interaction fingerprint. (A) DPP4-tripeptide interaction fingerprint of six highly active tripeptides (IC50 < 0.01 mM) and six low-active
tripeptides (IC50 > 0.03 mM). Pocket-composing residues are located 5 Å from the bound ligand, Ile-Pro-Ile, in the co-crystal structure (PDBID: 1NU8). The num-
ber of atoms in contact with the tripeptide was counted for each residue. Residues with a relatively high (low) count are shown in red (green). (B) Interaction patterns
of DPP4-tripeptide for highly active and low-active tripeptides. The number of DPP4 atoms in contact with each tripeptide was averaged across the docking poses
observed for six highly active tripeptides and six low-active tripeptides.
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into the S1 pocket and that the N-terminal amino group forms salt bridges
with Glu205 and Glu206 [7] (Figure 5A). The Ile-Pro-Ile binding mode
predicted by molecular docking correctly reproduced these structural
characteristics observed in the co-crystal structure (Figure 5A). This
suggests that the docking protocol constructed for dipeptides can be
applied in predicting the binding structures of tripeptides. The docking
poses of six tripeptides that exhibited relatively high inhibitory activity
(Ile-Pro-Ile, Val-Pro-Ile, Val-Pro-Trp, Val-Pro-Met, Ile-Pro-Met,
Ile-Pro-Val) all showed that the C-terminal amino acid is located near the
Tyr547 and Trp629 that compose the S10 subsite of DPP4 (Figure 5A-F).
Moreover, when the DPP4-peptide interaction pattern was compared
between highly active and low-active tripeptides, we found that highly
active tripeptides tended to interact more closely with Tyr547 and
Trp629 (Figure 6). These results suggest that the tripeptides with high
inhibitory activity form additional hydrophobic interactions at the S10

subsite located somewhat outside the substrate pocket. This additional
interaction appears to stabilize the DPP-peptide binding, thereby
attaining a higher inhibitory activity that exceeds that of the corre-
sponding dipeptide.

A previous report has demonstrated an improved affinity of small
molecule inhibitors through additional interactions at the S2 extensive
subsite [4]. In contrast, for tripeptides such as Ile (Val)-Pro-Xaa that
exhibit competitive inhibition, an interaction with the S10 subsite may
contribute to increasing DPP4 inhibitory activity because the C-terminus
of the peptide is positionedat this subsitewhenbinding toDPP4.Although
we havemainly discussed their role as DPP4 inhibitors, tripeptides with a
penultimate proline residue appear to be slowly hydrolyzed by DPP4
because of their substrate-like nature [27], suggesting transient DPP4
binding of Ile-Pro-XXX and Val-Pro-XXX. However, the structural infor-
mation on the temporarily-formed DPP4-tripeptide interactions is ex-
pected to be useful in the molecular design of novel DPP4 inhibitors.
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